The patterns of nitrate reductase activity (NRA) in the leaves (in vivo assay) and root nodule nitrogenase actiVity (C2H2 reduction) were investigated throughout the season in field-grown Phaseolus vulgans plants.
NO5 as evidenced by the increase in NOi content of the stem and the high levels of NRA in the leaves. Total plant NRA was maximal after flowering and addition of NH4NO3 to the soil at flowering resulted in even higher levels of NRA through most of the pod-filling period, thus resulting in higher seed yields (59% over control).
It is proposed that P. vulgans can benefit from both N2 fixation and NO3 assimilation and that nitrate reductase plays an important role in the assimilation of nitrogen after flowering.
Biological N2 fixation and NOC-assimilation represent the major sources of reduced N for plant growth and seed yields in legume crops. Several environmental and plant factors are known to control the amount of N incorporated through N2 fLxation in Phaseolus vulgaris plants (4, 6) and attempts to supplement N2 fixation with fertilizer N have not succeeded in increasing yields (4, 5, 9) . Nevertheless, low levels of combined N during the initial stages of development have been shown to enhance nodulation and N2 fixation (1, 5) .
There are no reports about the relationships between NO3 assimilation and N2 fixation throughout the season in P. vulgaris plants. The seasonal patterns of NO-uptake and reduction and the patterns of N2 fLxation in soybean plants indicate that the processes of NO3 assimilation and N2 fixation are successive events, each contributing nitrogen at defined stages of plant development (4, 8, 16 ). NO3-reduction appears to be more important in certain legumes at the preflowering stages while maximal nitrogenase activities were observed after the decline of NRA3 (4, 8, 16 Plant Sampling. Five plants were randomly selected from each plot at weekly intervals. The plants were cut at the soil level and stored on ice until the NR assay (in vivo) was performed. The remainder of the plants were dug and the root system plus the nodules used for assays of nitrogenase activities by the acetylene reduction method.
Acetylene Reduction Assay. The root system and nodules of each replicate were shaken to remove adhering soil particles and put into a 300-ml vial, hermetically closed with a rubber stopper through which acetylene was added to give a final concentration of 15% (v/v) in air. After allowing for pressure equilibration, incubation proceeded at room temperature for I hr, after which time the amount of ethylene formed was determined by gas chromatography using a Perkin-Elmer gas chromatograph fitted with a Poropak N column (3 mm x 2 m) at 110 C and H2 flame ionization detection.
NR Assay. The NRA of leaf sections was determined by the in vivo method (8, 10, 11) with modifications. All individual leaves along the plant were separated, superimposed, and small discs taken with a cork borer. Subsamples (0.2 g) were placed into vials containing 5 ml of incubation medium composed of: 100 mm phosphate buffer (pH 7.5), 100 mM KNO3, 1% (v/v) propanol and 0.05% (v/v) Neutronyx (Onyx Cml., Jersey City, N.J.). Some assays did not include KNO3 in the medium (minus nitrate assay) as indicated in the text. The reaction mixture was incubated at 30 C in the dark for 1 hr and aliquots (0.2 ml) removed for NO2 determination (7, 14) . Total plant NRA was estimated by multiplying the activity/g fresh weight-hr by total plant leaf weight. For some experiments, certain specified leaves (as indicated in the text) were removed and assayed for NRA as described above.
Total tissue-N (Kjeldahl analysis) and dry matter were determined on samples oven-dried at 60 to 65 C. Nitrate was extracted and assayed colorimetrically as described by Cataldo et aL (2) .
The analysis of variance of the data was carried out with all of the replicates from the four treatments and all of the harvests computed together. Means (Fig. 1) . On the other hand, the NRA per g fresh weight was maximal at early stages ofleafdevelopment, when the leaf was about one-third of full size (leaf area basis) and the activity slowly declined with leaf age. Each newly expanded leaf showed a similar pattern of NRA with leaf development. Thus, maximal NRA (per g fresh weight) along the canopy would be associated with the uppermost newly expanding leaves.
Seasonal Potential for NR. The seasonal distribution of NRA, sampling the uppermost fully expanded leaf throughout the season, showed the occurrence of two peaks of activity (per g fresh weight), one at early vegetative growth and a second peak around midpod filling (Fig. 2) . This characteristic was associated with the ability of P. vulgaris plants to take up NO3 efficiently at the postflowering stages (Fig. 3) and contrasts with the continuous decline of both NRA and ability to take up NOiT by soybean plants after flowering (4, 8, 16 ). Similar patterns, throughout the season, were observed between the NOj content of the stem and the plus or minus NOi-in vivo NR assays of the uppermost fully expanded leaves (Fig. 3) or the mean NRA activities of all individual leaves (data not shown). Although the minus NO-in vivo assay gave a significant correlation with the nitrate content of the stems (r = 0.76*) and is probably the best measure of in situ nitrate reduction (15) , the addition of NO to the assay medium consistently increased the measured NRA throughout the season (Fig. 3) . This suggests that NO reduction by P. vulgaris leaves, under field conditions, may be limited by the availability of NO at the site of reduction. The seasonal distribution of NRA per plant showed that the maximum potential for NQ-reduction and assimilation in P. vulgaris plants occurred at the postflowering stages (Fig. 4) . This appeared to be a reflection of both the higher NR specific activities (Jumol NO2 hr-' g fresh weight-') and greater leaf mass. The seasonal potential for NO. reduction was highest for the plants receiving continuous fertilizer N applications (7 x 20 kg N ha-'). The treatment receiving an additional supplement of N (as NH4NO3) at the beginning of flowering also resulted in higher levels of total plant NRA through most of the pod filling period and almost equalled the seasonal potential for NQ-reduction of those plants receiving continuous fertilizer nitrogen throughout the cycle (Fig. 4) . Seasonal Potential for N2 Fixation. N2 fixation, as indicated by the acetylene reduction assay, was very low during the first 2 weeks after sowing, reached a peak at flowering and then declined rapidly (Fig. 5A ). N2 fixation in general followed the pattern of nodule development (Fig. SB) . Similar trends have been reported for soybean plants (8, 16) . Continuous application of fertilizer NITROGEN ASSIMILATION IN BEAN PLANTS nitrogen (7 x 20 kg N ha-') reduced both nodule mass and nitrogenase activity per plant. The application of small amounts of fertilizer N at sowing (20 kg N ha-') had no effect on either nodule mass or nitrogenase activity. Because senescence ofnodules right after flowering was characteristic of the cultivar under study, the application of an additional supplement of N at flowering (40 kg ha-') did not significantly decrease the amount of N2 fixed during the season (Fig. 5, A and B) . The period of effective N2 fixation for this cultivar appeared to be relatively short but significant incorporation of N through biological N2 fixation may have occurred during the flowering stage. From the acetylene reduction data, a N gain of about 15 kg N ha-' was estimated, for the 3 weeks of maximal nitrogenase activity (Fig. 5A) .
Relationship between N2 Fixation and Nitrate Assimilation. The over-all results indicated that P. vulgaris plants benefited from both NO3 assimilation and N2 fixation, each process contributing maximally at different stages of plant development. On a plant basis, maximal nitrogenase activities preceded the peak of NRA and this is one of the major differences observed in relation to the patterns reported for soybean plants (4, 8, 16) (Fig. 6 ). 
